ABSTRACT: Weight-specific oxygen consumption (90,) varied with body weight (W) in four crustacean species investigated under comparable experimental conditions. The value of the exponent b-l relating VO, to body weight was significantly different (P < 0.01) in the burrowing crustaceans Corystes cassjvelaunus and Nephrops norvegicus, compared to the nonburrowing anomurans. Galathea strigosa and Pagurus bernhardus. A mathematical transformation was used to provide a n index (K,/K,) of oxygen independence. Using this index it was found that oxygen independence was influenced by intrinsic factors (size and level of activity) and environmental factors (temperature and presence of substrate).
INTRODUCTION
Oxygen consumption in crustaceans has been the subject of many studies. For recent reviews consult 'Marine Ecology', Volume I: Segal, 1970 , Kinne, 1970 . In his review, Zeuthen (1953) used the results of Weymouth et al. (1944) to show that weight-specific oxygen consumption decreased with increasing body size. Other workers have found similar relationships for various crustaceans, e.g. Thomas (1954) for Homarus garnmarus; Tashian (1956) for Uca spp., Wallace (1972 ), Klein Breteler (1975 and Taylor et al. (1977) for Carcinus maenas; Leffler (1973) for two species of xanthid crabs; Laird and Haefner (1976) for Callinectes sapidus and Shumway (1978) for Pagurus bernhardus. However, it is difficult to compare the values given in the literature for different species as different conditions were used by each worker. In the present study measurements were made of the effect of body size on the oxygen consumption of two burrowing, sublittoral crustaceans, Corystes cassivelaunus (Pennant) and Nephrops norvegicus (L.), and of two non-burrowing, sublittoral anomurans, Galathea strigosa (L.) and Pagurus bernhardus (L.) under comparable experimental conditions.
The effect of hypoxia on oxygen consumption has also received much attention, and differences in the ability to maintain oxygen consumption independent of the ambient oxygen tension during hypoxia have been found by various workers even for the same species (see Spoek, 1974 for review). More recently Miller et al. (1976) , Taylor (1976) and Taylor et al. (1977) have shown that the ability to regulate oxygen consumption may to some extent depend on the physiological state of the animal. Therefore, in this study, the oxygen consumption (VO~) of Corystes cassivelaunus and Galathea stngosa was manipulated using intrinsic factors, size and level of activity, and environmental factors, temperature and the presence of a substrate, to determine the relationship between VO* levels, which are good indicators of the physiological state of the animal and the ability to maintain oxygen consumption independent of the ambient oxygen tension during hypoxia.
MATERIALS AND METHODS
Corystes cassivelaunus and Galathea strigosa were collected by diving in sublittoral areas around Port Erin, Isle of Man. Individuals of Nephrops norvegicus and Pagurus bernhardus were collected near Kristinebergs Marine Laboratory, Sweden, and experiments carried out on these two species at the Department of Zoophysiology, University of Aarhus, Denmark.
All crustaceans were kept for a period of at least 2 weeks in running seawater (34 "/W S, 10 "C) under a 12 h dark: 12 h light environmental regime. The crustaceans were fed at regular intervals and starved for 2 d preceding a n experiment. Only individuals in the hard intermoult (C,) stage were used.
Measurements of oxygen consumption (V02) were made in both closed and flow-through perspex respirometers. Oxygen tensions were monitored using oxygen electrodes (Radiometer E 5046 and Yellow Springs Instruments 5331) either placed directly in the respirometer in the closed system or in a thermostatted cell. The respirometers were supplied with filtered seawater from a reservoir by means of a n electric pump (T. E. P.). The temperature of the respirometers was maintained at 10 "C for most experiments by a surrounding thermostatically controlled water bath. The oxygen electrodes were calibrated regularly with aerated seawater and zero PO2 solution. In the closed system a submersible magnetic stirrer prevented localised oxygen depletion around the electrodes. To record oxygen consumption in buried Corystes cassivelaunus a specially constructed respirometer was used which contained sterilised sand to a depth of 15 cm and a separate magnetic stirrer in a side tube to facilitate circulation within the respirometer.
Measurements of Resting *o,
To measure resting 00, in the closed system the crustacean was placed in a respirometer (volume = 1 1) and left for at least 12 h with aerated seawater flowing through the respirometer. The test animals were kept in dim red light and a s free from external disturbances as possible. After this period of acclimation to experimental conditions to allow the adoption of a 'resting state', the respirometer was closed and the test animal allowed to deplete the oxygen content of the water in the respirometer. The respirometer was flushed, at hourly intervals, with aerated seawater and measurements were continued until a steady rate of oxygen consumption was observed over a number of hours. During these determinations P,02 was not allowed to fall below 120 mm Hg.
For measurements of resting vO, in the flowthrough system either the oxygen tension of the water entering the respirometer (P,@2) or the oxygen tension of the water leaving the respirometer ( P o d 2 ) could be monitored by siphoning water past an electrode placed in a thermostatted cell at the same temperature as the respirometer. Flow through the whole system was adjusted so that an accurate determination of A PO2, the difference between (P&*) and ( P o d 2 ) , could be made without lowering significantly (< 120 mm Hg) the amount of oxygen available to the crustacean.
PIh02 was monitored at regular intervals together with flow through the system. Continuous recordings were made over periods of a number of days for each individual and resting 00, calculated. All experiments to determine resting 00, were carried out at l 0 "C and 34O/m S in unburied test animals. The wet weights of all species were found by blotting dry with tissue and then weighing to 0.1 g. For Corystes cassivelaunus individuals in the size range 4.8-24.5 g ( n = 11) were studied; for Galathea strigosa, 6.7-57.4 g ( n = 22); for Nephrops norvegicus, 41.8-206.8 g (n = 7) and for Pagurus bernhardus, 2.0-14.5 g (n = 10).
Oxygen Consumption During Hypoxia
Recordings of oxygen consumption during hypoxia were made for Corystes cassivelaunus and Galathea strigosa, using two methods:
(1) The test animal, in a closed respirometer, was allowed to deplete the oxygen content to a low level over a period of time.
(2) The water in the closed respirometer was replaced at frequent intervals with water from the main reservoir which had been reduced to the required oxygen tension by bubbling nitrogen through it. This ensured that any accumulation of metabolites did not affect oxygen consumption. Both methods gave comparable results.
Levels of oxygen consumption were manipulated using four parameters:
(1) Body size. Individuals of Corystes cassivelaunus, and Galathea strigosa of different size were allowed to acclimate to experimental conditions under normoxia for 12 h and then subjected to hypoxia and oxygen consumption recorded.
(2) Activity induced by stress. Individuals of Corystes cassivelaunus and Galathea strigosa were placed in a respirometer and immediately subjected to hypoxia and their oxygen consumption monitored. In this stressed condition test animals showed increased locomotor activity. The crustaceans were then allowed to recover fully and to acclimate to experimental conditions under dim red light in normoxia before the oxygen content of the water was lowered progressively and oxygen consumption recorded again.
(3) Substrate. As Corystes cassivelaunus spends long periods buried in the sand, oxygen consumption during hypoxia was measured in the same individual, after acclimation to experimental conditions, held first in a clear respirometer and then buried in a sand-filled respirometer.
(4) Temperature. Measurements of oxygen consumption during hypoxia were made at 7", 11" and 15°C in Galathea strigosa after acclimation to experimental bernhardus, at the P < 0.01 level. duals were able to maintain their oxygen consumption at a more or less constant level down to the critical oxygen tension (Pc.). When this level is reached, VO, this species was also able to regulate oxygen consumpbecomes dependent on the external oxygen tension tion. Regulatory ability appeared to vary with size in and declines. Only values obtained during the regulaboth species. The critical oxygen tension (Pc) is a tory phase were used in the previous determination of difficult criteria to assess accurately as a specific point the effect of size on resting weight-specific oxygen for each individual, therefore, to compare the regulaconsumption. Similar determinations of \j0, in resting tory ability of individuals of varying size, a method Galathea strigosa during hypoxia (Fig. 3) showed that derived by Tang (1933) was used to transform the graphs relating 90, to oxygen tension into a linear form. Thus by plotting PO,NO, against PO,, the oxygen consumption curve is usually transformed into a straight line and two constants K, the intercept, and K,, the slope of the regression line, are derived. Using this method, Bayne (1971) and Taylor and Brand (1975) obtained the index Kl/K2 which describes the degree of respiratory independence shown by the test animal. Increasing values for the index indicate a decrease in regulatory ability.
The regulatory ability of Corystes cassivelaunus of differing size was examined using this Tang transformation and as V 0 2 increases with decreasing size (Fig. 1) VO, was plotted against the K,IK, index for each individual (Fig. 4) . A regression analysis of the data gave the following expression:
An analysis for the data obtained for Galathea strigosa (Fig. 4) gave the following expression: K20.234 ( n = 24, r = 0.751)
In both species the slopes of the regression lines had positive values and were significantly different at P < 0.05 from zero (shown by the slope of the dotted line in Fig. 4 ). This indicates that with increasing size the Kl/K2 index decreased. Corystes cassivelaunus is able to maintain oxygen consumption independent of falling oxygen tensions when buried in sand in the respirometer or exposed in a respirometer with no sand. Figure 7 shows the typical response of the same individual subjected to hypoxia in a respirometer with and without sand. There is a marked difference in t h e level at which \;102 is maintained between the buried and unburied individual. In general there was a 40-60 O/O reduction in oxygen consumption in buried individuals. The effect on regulatory ability was not marked with a K,/K, value of 4.7 in the buried state, compared with 9.2 in the exposed state. It is interesting to note that in the buried state fi02 tended to zero before PiOz reached zero.
Temperature
Typical recordings of oxygen consumption of Galathea strigosa during hypoxia at ?', 11" and 15 "C are shown in Figure 8 . As would be expected there was an increase in the level at which fro, was maintained with increasing temperature. The Q,, values calculated for the temperatures used were as follows:
?"-l1 "C = 3.41 11"-15 "C = 3.71 The effect on regu!atory ability is shown by the increase in the Kl/K, index with increasing temperature. At ? "C the value for the K,/K, index is 11.8 compared to 18.8 at 11 "C and 43.0 at 15 OC. Figures 5 and 6 show the typical responses of individuals of Corystes cassivelaunus and Galathea strigosa, in both the stressed and resting state. Oxygen consumption in the active stressed individual is elevated above the values of the resting individual at high P,O,. Depending upon the degree of activity and stress, this It is well known in respiratory physiology that oxygen consumption can be affected by both intrinsic and environmental factors (Dejours, 1975) . This study set out to examine the relationship between size, an intrinsic factor, and resting weight-specific oxygen Fig. 8 . Galathea strigosa. Weight-specific oxygen consumption (90,) of a 21.9 g individual exposed to declining oxygen tension after acclimation to three different temperatures. Upper curve: 15 "C, KlIK2 = 43; middle curve: 11 "C, KlIK2 = 18.9; lower curve:
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7 "C, KlIK2 = 11.8 Weymouth et al. (1944) Corrected to S. T. P.
consumption under comparable experimental conditions, for four crustaceans from different ecological niches. Zeuthen (1953) suggested that the total metabolism of a metazoan is related to their total cell-surface area and hence metabolism varies with the 0.67 power of the body weight. However, Hemmingsen (1950 Hemmingsen ( , 1960 found that metabolism varies more with the 0.75 power of the body weight as additional factors such as internal convection, vascularisation and the development of complex respiratory exchange surfaces also affect metabolism. All four crustaceans used in the present study showed values of b either equal to or greater than 0.75. Interspecific differences in the value for b for a number of crustaceans are shown in Table 1 . The values listed range from 0.286-0.877 for a temperature range of 8.5'-17.8 'C, although Rao (1958) and Childress (1971) working at temperatures outside this range reported values for b of 1.0 for Metapenaeus monoceros and Gnathophausia ingens, respectively. However, the majority of crustaceans have values for b < 1.0. Low values of b < 0.67 can usually be explaineds by different activity states of individuals pooled to give measurements (Thomas, 1954; Dehnel, 1958) or the sample size being too small (Winget, 1969) . One overall trend which is apparent is that the crustaceans with the larger weight ranges tend towards a value of b > 0.75. This may indicate that oxygen consumption is more dependent on mass in the larger animals as a greater proportion of the total mass may be used for structural support, i. e, the carapace. Corystes cassivelaunus is an exception to this general trend but shows reduced metabolism under certain conditions and this may affect the value of b.
In the present study, it is evident that under the same experimental conditions b was significantly higher in the burrowing species compared to the non-burrowing species. The general levels of oxygen consumption appear to be lower in the burrowing crustaceans compared to the non-burrowing species. This factor may be correlated with the more sedentary life of the burrowing forms compared to the more exposed life of the anomurans which are capable of rapid escape movements. As stated earlier, higher activity levels tend to depress b and Klein Breteler (1975) suggests that discrepancies in values of b in Carcinus maenas are due to experimental techniques causing increased activity.
No comparative values of b are available in the literature for Corystes cassivelaunus, Galathea strigosa and Nephrops norvegicus, but Shumway (1978) using dry weight, 15 "C and smaller individuals reported a value of b = 0.665 for Pagurus bernhardus compared with 0.753 in the present study. This discrepancy is probably due to the small size of the individuals used in Shumway's study, as at the small size range b tends towards 0.67. The crustaceans in the present study were also probably at a lower activity level, as overall froz levels in Shumway's study are high compared to those in the present study.
Since activity state, nutrition and developmental stage were controlled to some extent in the present study, the observed differences in b between the burrowing and non-burrowing crustaceans may be correlated with other factors. Dejours (1975) and Hughes (1977) review the relationship between respiratory characteristics and body size. Both authors emphasize the value of comparisons between gill surface area, oxygen consumption and body mass. It is therefore interesting to note that the mean gill-surface area to body-weight ratio is lower in Nephrops norvegicus compared to Pagurus bernhardus (Scammell, 1971) . Corystes cassivelaunus shows low levels of oxygen consumption, as in N. norvegicus, but has approximately the same gill surface area to body-weight ratio as P. bemhardus which has high levels of oxygen consumption. This anomaly may be explained because C. cassivelaunus is an atypical crustacean in that a cocurrent gas exchange system may function in this species (Bridges, 1976) thereby requiring a greater gill surface area. Belman and Childress (1976) reported a large gill surface area relative to oxygen consumption in Gnathophausia ingens as a mechanism to increase oxygen diffusion across the gills, as this species inhabits deep-water zones of oxygen depletion. Gray (1957) showed that gill surface area was higher in the more active crabs compared to the more sedentary slowmoving species and both Gray (1957) and Scammell (1971) found that weight-specific gill area decreased with increasing body size in the species they studied. In fish Hughes (1972 Hughes ( , 1977 found differences in the ratio of the exponent relating body mass to metabolism and gill area for different species. It is probable that a similar comparison for crustaceans would also reveal differences in this ratio. How far the relationship between gill surface area, body mass and oxygen consumption interact is not fully understood, but since crustaceans possess limited facilities for cutaneous gas exchange due to their carapace, such an interaction may be one of a number of intrinsic factors influencing oxygen consumption.
The second part of this study deals with the interaction of environmental and intrinsic factors with the ability to maintain oxygen consumption independent of falling oxygen tensions. Dejours (1975) states 'If animals maintain their energy metabolism within a more or less broad range of environmental oxygenation, they are oxygen independent; if not, they are oxygen-dependent'. Tang (1933) and Mangum and Van Winkle (1973) have attempted to quantify the ability to maintain oxygen-independence in various animals using the hyperbolic and the quadratic relationship, respectively. The Tang transformation is difficult to apply when oxygen-independence approaches a linear function and the quadratic expression has difficulties when oxygen-independence is near perfect. Both expressions may be affected by other factors, and it is unlikely that any one expression would be able to satisfy the full range of the data found in respiratory regulation. As the data in this study approximate the conditions for the hyperbolic fit, with an upper asymptote and the curve passing through (X, y) = (0,0), the Tang transformation has been used to give some quantitative value to regulatory ability with changes in \iOz levels. Previous workers have, however, either delineated a fixed point (Childress, 1971; Spoek, 1974; Taylor et al., 1977) or a range (Thompson and Pritchard, 1969; Taylor, 1976) for the critical oxygen tension. Corystes cassivelaunus and Galathea strigosa both show oxygen-independence but this ability is more developed in the former. For same-sized individuals the K,/K2 index is lower in C. cassivelaunus than in G. strigosa. This can be correlated with the lower fro, level for a given individual size in C.
cassivelaunus (Fig. 1) . The lower Pclevel in C. cassivelaunus is probably a n adaptation to low environmental oxygen tensions as shown by a number of crustaceans, e. g. Orconectes sp. (Wiens and Armitage, 1961) , Callianassa californiensis (Thompson and Pritchard, 1969) and in mid-water crustaceans living in oxygen depleted zones (Childress, 1971 (Childress, , 1975 . Oxygen-independence is significantly correlated with Vo2 in both species and a similar regression analysis for K,IK2 against weight gave a negative slope which was significantly different from zero for both C, cassivelaunus and G. strigosa. This indicates that larger individuals are better able to maintain their oxygen-independence during hypoxia than smaller individuals. Although Job (1955) states that there seems to be no relationship between body size and Pc in fish there is evidence that this is not the case in invertebrates. Bayne (1971) and Taylor and Brand (1975) found a n increase in the ability of marine bivalve molluscs to maintain oxygenindependence with increasing size during hypoxia. Childress (1971) found that in the crustacean Gnathophausia ingens there was a n increase in Pc with increasing m,.
Activity has a dramatic effect on oxygen-independence as shown by the large difference in the K,/K, values between the active and inactive states for Corystes cassivelaunus and Galathea strigosa. This difference is due to the elevated levels of f r o 2 in the active state at high PiO2. McLeese (1964) , Nimura and Inoue (1969) , Spoek (1974) and Taylor (1976) all found decreases in oxygen-independence with increased activity. An increase in acclimation temperature also induces a rise in the V0, levels and a corresponding increase in the KlIK2 index for G. strigosa. Wiens and Armitage (1961) and Taylor et al. (1977) both found a decrease in oxygen-independence with increasing temperature and this has been confirmed in this study.
Corystes cassivelaunus spends long periods buried in the substrate and the decrease in 00, levels in the buried state compared to the unburied state indicates an energy-conserving strategy in which metabolism is reduced, for C. cassivelaunus shows long periods of apnoea and bradycardia when buried (Bridges, 1979) . De Wilde (1973) documented reduced levels of oxygen consumption in buried bivalves, and Johansen and Petersen (1975) found a similar reduction in vO, in buried horseshoe crabs. The failure to consume oxygen down to zero P i 4 in C. cassivelaunus when buried may indicate a change to full anaerobic metabolism.
This may be linked with the ability of C. cassivelaunus to accumulate lactate, an important anaerobic endproduct in crustaceans, during exposure to hypoxia and then rapidly remove it on return to normoxia (Bridges and Brand, 1979) . The small change in the K,/ K, index between buried and unburied state indicates that the hyperbolic fit of the Tang transformation may be less applicable when the curve does not pass through (X, y) = (0,O).
From the evidence presented in this study and in the literature it is clear that increases or decreases in resting VO, levels by intrinsic and environmental factors influence the ability to maintain oxygen consumption independent of oxygen tension during hypoxia. This correlation may be explained in terms of the limitations of the gas exchange system of the organism as suggested by Fry (1957) and Hughes (1964) for fish.
Normally, 90, is maintained oxygen-independent by adjustments of the gas exchange system of the organism to provide the tissues with the same amount of oxygen from a decreasing external supply. However, a n external oxygen tension is reached, the Pc, below which the limitations of the gas exchange system prevent the continued maintenance of 90, at a constant level, as further adjustments of the gas exchange system would only serve to supply the increased oxygen demand of the respiratory pumps themselves and oxygen consumption becomes dependent on the external oxygen tension. It can be seen, therefore, that the higher the resting \;r0, level, due to intrinsic and environmental factors, the higher will be the level of the external oxygen tension at which the limitations of the gas-exchange system become apparent and oxygen demand cannot be satisfied.
